Human-Operated Mobile Robot
In this chapter, we consider a control problem of a general type two-wheeled mobile robot that transports an object as shown in Fig. 1 . Human operators are enabled to handle the robot using control sticks. They can give command signals for driving forces of each wheel where I and M are the inertia and the mass of the robot, respectively. The symbol L is the half distance between the two wheels. The symbols v and  are the translational speed and rotation angle of the robot, respectively. The slip of wheels is not considered in this study. The shape of the robot is assumed as a circle for simplicity. Distance sensors to detect obstacles are located symmetrically with respect to the centerline parallel to the translational direction of the robot as shown in Fig. 1 . The distance from the center of the robot to each sensor is denoted by R . The located direction of each sensor from a line that links wheel centers is denoted by i  . Note that i  has a positive value. 
Controller Design

Model reference control for obstacle avoidance
To consider the nonholonomicity of the robot and incorporate the operator's command, we propose an obstacle avoidance algorithm based on the model reference approach as shown in Fig. 2 , where the reference model generates the desired angles of each wheel, ld   and rd   , according to the operator's command input and distance sensor information. The reference model, which has a similar dynamics with the mobile robot except for an obstacle avoidance function, is given as follows:
where C  and v C are the virtual viscous friction coefficients. The viscous friction terms generally exist due to the actuator viscous friction and increase the system stability. We use these terms to increase the control system stability as shown in the analysis in Section 3.2. 
where w R is the radius of wheel.
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where D is the half distance between the walls. 
where i p and i q are positive constants.
Equation (3) is written as follows from Eqs. (6) - (8) and the assumptions given above:
The dynamics on s x is given as:
Equation (4) is linearized as:
Because Eq. (11) 
, we have the following linear dynamics from Eqs. (9) and (10):
The characteristic polynomial of the system Eq. (12) is
Because all the coefficients of the right-hand side of Eq. (13) are positive, the stability condition is given by:
From Eqs. (7) and (14), the following sufficient condition for the stability is derived:
By assigning the coefficient C  such that Eq. (15) is satisfied, the stability of the linearized dynamics in Eq. (12) is guaranteed.
Object transportation control
Because transporting objects is a fundamental task of robotic systems, we include a function to prevent slip and tumble of the transported object in the reference model block in Because the value of M in Eq. (4) does not necessarily have an exact value of the mass of robot, we change this value in real time to adjust the reference acceleration to prevent the object from slip and tumble. Increasing this value reduces the magnitude of the reference acceleration.
In this study, we assume that the slip and tumble of the transported object is caused mainly by the translational acceleration, although the acceleration normally includes the centrifugal and the Coriolis terms. The slip of the object is prevented if the inertial force is smaller than the static friction force as follows:
where m is the mass of the transported object,  is the static friction coefficient of the contacting surface between the object and the robot, and g is the gravitational acceleration. 
Next, we consider the allowable acceleration to avoid the tumble. We assume that the object starts to rotate at the end point of the contacting surface with the robot as shown in Fig. 5 . Considering the equation around the center of rotation, we obtain the following condition for preventing the object from starting to tumble.
where  is the angle from the contacting surface line to the center of gravity of the transported object, and l is the distance between centers of rotation and gravity, as shown in Fig. 5 . Hence, we obtain the acceleration limit for avoiding the tumble max 
To avoid the tumble, we propose to adjust the mass coefficient   M t as follows from Eq.
(4) : 
Experiment
The effectiveness of the proposed controller is experimentally verified in a corridor-like space shown in Fig. 6 . Parameter values for the experiment are given in Table 1 Fig. 7 (a) , backward motions were required to pass through the course. The backward motion is confirmed in Fig. 7 (d) . In addition, both collision and tumble occurred in this case. The latter is caused by a large magnitude of acceleration as shown in Fig. 7 (b) .
In case (a2), although l u and l u were almost constant during operation as shown in Fig. 8 (a), the robot changed its orientation  in Fig. 8 (c) by the obstacle avoidance function. In addition, no backward motion was required as shown in Fig. 8 (d) . However, a large magnitude of the acceleration in Fig. 8 (b) caused the tumble of the transported object. In case (a3), the robot was enabled to smoothly pass through the course by an almost constant inputs in Fig. 9 (a) without requiring a large magnitude of acceleration as shown in Fig. 9 (b) . Table 2 summarizes experimental results by ten unskilled operators (students), where no collision occurs in cases (a2) and (a3), and no tumble occurs in case (a3), for all operators. Figure 10 summarizes the control time required to pass through the course. The control time is largely reduced for almost all operators by the model reference control approach, because they do not have to consider the obstacle or tumble avoidance during operation. The control time in case (a3) increases little compared to case (a2), although the acceleration magnitude is reduced to avoid the tumble. 
Conclusion
This chapter presents a model reference control approach for a human-operated mobile robot that transports an object. This type of robot has wide applications in industrial and household tasks. The operational easiness of the robot is verified by experiments where operators are required to operate the robot with a transported object to pass through a corridor-like space. Because even young students failed to operate the robot, a function to support the operation is obviously required. The operational easiness is improved by the proposed approach, with which all operators succeeded in transporting the object without collision nor tumble of the object. Factory automation has evolved significantly in the last few decades, and is today a complex, interdisciplinary, scientific area. In this book a selection of papers on topics related to factory automation is presented, covering a broad spectrum, so that the reader may become familiar with the various fields, and also study them in more depth where required. Within various chapters in this book, special attention is given to distributed applications and their use of networks, since it is one of the most relevant subjects in the evolution of factory automation. Different Medium Access Control and networks are analyzed, while Ethernet and Wireless networks are looked at in more detail, since they are among the hottest topics in recent research. Another important subject is everything concerning the increase in the complexity of factory automation, and the need for flexibility and interoperability. Finally the use of multi-agent systems, advanced control, formal methods, or the application in this field of RFID, are additional examples of the ideas and disciplines that experts around the world have analyzed in their work.
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